Water flow through natural snow-packs is generally accepted to be extremely variable even over short dista nces. Differences in snow properties, and discontinuities in the horizontal and vertical structures of snow-packs, are responsible for variations in the effective area of the snow surface associated with outflow from a part of the base of the snow-pack.
INTRODUCTION
A wide variety of observational evidence has been accumulated in the past four decades which demonstrates that water movement through natural snow cover is not uniform. Application of dye to wet snow clearly shows that water tends to become concentrated in vertical channels and at snow-layer interfaces (Gerdel, 1949 (Gerdel, , 1954 Langham, 1974) .
Detailed descriptions of snow-pack structure document inhomogeneities due to the localized presence of water (Seligman, 1936; Sharp, 1951; Wakahama, 1968) .
Large di sc repancies between calculated snow-melt and snow-pack outflow measured with snow-melt Iysimeters also illustrate th e non-uniform nature of water flow through snow (Price, 1977; Jordan, 1983; Beaudry, 1984) . Uncertainty about the surface area contributing water to a snow-melt lysimeter was noted even with a collector area of 56 m 2 (Rockwood and others, 1954) . Location of snow Iysimeters, as it relates to flow-routing features within different parts of a snow-pack, influences their collecting characteristics . In a study using collectors of area I m 2 , installed at different levels below the snow surface, the volumes of water captured at depths less than 0.4 m were equal to the calculated snow melt (Jordan, 1983) , although the volume of water collected at 1 rri: depth was 50%-greater than the calculated snow melt. The amount of water collected by a funnel with an area of only 0.17 m 2 located 2.5 m below the snow surface and underneath a prominent ice layer was the same as the volume of snow melt measured from surface ablation (Col beck, 1976) . In addition to these anomalies, snow-melt Iysimeters may sometimes be bypassed completely by the flow field (Tsiouris and others, 1985).
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Although snow-melt lysimeters have been installed at dozens of sites around the world, replication of the data from independent collectors and measurement systems has rarely been achieved. Results from the few replicate installations provide some indicators of flow variability in different situations. In a deep snow-pack in coastal British Columbia, three collectors of area 1 m 2 were installed 1.5 m below the surface and 5 m apart, and five collectors of area 1I x 10 -3 m 2 , were installed 0.6 m below the surface over a horizontal distance of 5 m (Wankiewicz, 1976) . Over periods of less than 12 h the coefficient of variation (standard deviation / mean) for the large collectors averaged 0.52, and for the small snow-melt Iysimete rs it was 0.66 (Wankiewicz, 1983) . Identical snow-melt lysimeters of 4.5 m 2 area at two sites with a shallow snow cover in Norway collected approximately equal amounts of water (Harstveit, 1984) .
Only rarely has a set of snow-melt Iysimeters been designed expressly to assess the variability of wate r flow through an Arctic snow-pack (Marsh and Woo, 1985) . This set included collectors with areas of I and 0.25 m 2 , and a second 0.25 m 2 collector which was divided into 16 independently measured cells, each of which was 15 x 10-3 m 2 in area. Daily volumes from the three snow-melt Iysimeters were alwa ys within 10% of each other, suggesting that flow may be relatively uniform over areas exceeding 0.25 m 2 (Marsh and Woo, 1985) . However, daily volumes collected from the small compartments of the subdivided container varied from 0 to 240% of the mean of the total collected volume. Variability between the small compartments was found to be greatest on days with low flow and least on days with higher flow, and information about the distribution of flow over the area was used to develop a routing model of movement of water through snow (Marsh and Woo, 1985) . An additional study compared the seasonal snow-melt volumes from six snow-melt lysimeters of area 0.05 m 2 with the snow-melt volume from one collector 5 m 2 area (Barry and Price, 1987) . Total outflow from the large snow-melt lysimeter was the same as the sum of measured snow water equivalent at the onset of melt and rain during the melt period, and was equal to 2.8 x 10-3 m . The mean of seasonal volumes from the six small collectors had a value of 6.2 x 10 -3 m and this was more than twice the value for the large container. Similarly, the highest volume from one of the group of six small collectors was more than twice the lowest volume from the same group. The coefficient of variation for the small snow-melt Iysimeters at this stage was calculated as 0.4; an even greater variability was noted in the early part of the season.
The investigations outlined above suggest that water movement through snow may be considered to be uniform over areas greater than 0.25 m 2 in snow-packs developed under very cold temperatures but to remain variable over areas larger in warm snow-packs. Identification of the scale at which snow-pack properties relating to wate r movement can be averaged is important in the development and application of simulation models of snow-melt percolation (Col beck, 1979; Wankiewicz, 1979; Marsh and Woo , 1985) and in the design of sampling procedures for snow-chemistry studies (Barry and Price, 1987) . A rule of were subdivided into thirds (1--6).
thumb suggests that water flow is uniform over areas whose size is greater than the square of the snow depth (Male and Gray, 1981) ; however, except for the studies mentioned above, little quantitative information exists about the variations of water movement in snow (Colbeck, 1979; Col beck and others, 1979; Marsh and Woo, 1985) . This study describes the variation in snow-pack outflow found at a site in the Sierra Nevada of California.
STUDY AREA AND METHODS
All measurements were made in a 0 .5 ha forest opening at the Central Sierra Snow Laboratory (CSSL), a facility operated by the U.S. Forest Service Pacific Southwest Forest and Range Experiment Station. The CSSL is located at Soda Springs, California, about 25 km north-west of Lake Tahoe ,
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at an elevation of 2 I 00 m. Deep seasonal snow-packs accumulate at the site, which also usually receives some midwinter rainfall. Early work on water movement in snow was performed at this site (Rockwood and others, 1951; Gerdel, 1954) and 35 year old records from experiments using the original CSSL snow-melt Iysimeter continue to be used for model validation (Col beck, 1979; Marsh and Woo , 1985) .
As part of a series of investigations of snow-pack water movement at the CSSL, snow-pack outflow has been monitored with several snow-melt Iysimeters (Kattelmann, 1984) . Four snow-melt Iysimeters, each 6 m 2 in area, were arranged in two pairs (Fig. I) ; one pair shared a common wall, the second pair was about 10 m from the first pair and these two collectors were separated by a distance of I m. (Outflow from the area between these two snow-melt Iysimeters was also collected and measured.) The second pair of collectors was subdivided into three equal parts , with independent plumbing and measurement equipment for each sub-area of 2 m 2 . All of these snow-melt Iysimeters were of the ground-based, unenclosed type with rims at least 150 mm high. Outflow from each collector was piped to an independent tipping bucket that tipped at volumes equivalent to about 0.5 mm above the area of the collector. Electrical heat tape extends from each collector drain to the measurement chamber, and this heat tape was activated manually on occasions a few times per season in 1985 and 1986 and automatically for 15 min/ d in 1987. In 1986 and 1987, pipes extending from a nearby tower into each 2 m 2 collector allowed testing of the drain system without the snow cover being disturbed . Tip volumes were recorded on a multi-channel chart recorder and converted to values of mm/ h .
The snow-melt Iysimeters were installed in 1983, and mechanical problems discovered during the ensuing winter were remedied in the summer of 1984. The only mechanical difficulties experienced during the three seasons reported here occurred in 1985 when there was leakage around one drain and deformation of one wall between two of the small collectors changed their areas slightly. The undivided large collectors are essentially fail-safe . The only potential problems with the 2 m 2 collectors are leakage around the drain and freezing of the drain. Both problems did occur during the test year and also in two of the collectors in 1985 . (Data from the group of small collectors that had these failures in 1985 have not been used here.) Recorder problems also caused some loss of data throughout 1985, otherwise results reported here were not believed to be attributes of the outflow collection system . Ground heat at the study site resulted in a relatively consistent basal melt rate of about 0.5 mm / d and this process allowed an easy check on snow-melt Iysimeter performance during periods without surface-water input. There was no evidence of the sudden drainage of water that would be expected following the thawing of a frozen drain.
RESUL TS AND DISCUSSION
The mean, standard deviation, and coefficient of variation were calculated for the 6 m 2 collectors for all months with a recorded average outflow greater than 100 mm (Table I) . Coefficients of variation ranged from 0.2 to 0.5 in the months January-March, and declined in April and May. This decline in variability towards the end of the melt season may have been due to any or all decreasing snow depth, break-down of ice layers, and decreasing importance of flow through vertical channels relative to flow through the entire snow-pack. Variations in daily outflow were occasionally much greater than the monthly values .
For three of the snow-melt Iysimeters, monthly snow-melt volumes were generally similar and annual volumes for 1986 and 1987 were within 15% of each other. However, volumes collected by the fourth collector were in general much greater than the mean for the other three. This fourth collector is located on level ground 4 m away from the foot of a short 50 slope; this slight slope persisted in the snow strata leading to the collector. A shallow slope in the snow was also observed to form towards the opposite direction over the adjacent (southern) collector due to partial shading by the forest margin. Snow over the northern collector received slightly more solar energy than did snow over the southern one and it therefore tended to settle and melt to a greater extent than did the snow immediately to the south. A minor depression formed in the snow at the junction of these slight slopes; this depression happened to be over a collector (D in Table I ) that consequently received a greater volume of water than the three other collectors and was usually the first one to respond to any inputs of water at the snow surface. This example illustrates the potential effects of micro topography and radiation influences on water routing in snow.
Variability in measured snow-pack outflow was much greater between the 2 m 2 sub-units than between the individual 6 m 2 collectors. The standard deviation (SD) often exceeded the mean on a daily basis when flows were in excess of 10 mm/ d. Variability was greatest during intense rain events on moderately deep snow (Table I1) . During the February 1986 rainstorm, the highest and lowest volumes differed by a factor of 50. Outflow from early season rain events on shallow snow (December 1985) or on empty collectors (October 1985) was relatively consistent between collectors. The greater variability with deeper snow suggests that water was being redirected within the snow-pack above the collectors .
Monthly volumes from the 2 m 2 collectors (Table Ill ) also indicate greater variation at this smaller scale than was recorded for the 6 m 2 collectors, and in all months the coefficients of variatIOn were greater for the smaller collectors than for the larger ones . To simplify comparisons between months, monthly volumes were converted to a proportion of the monthly mean (Table IV) . Outflow from any given collector relative to the mean for the small collectors changed considerably from month to month . Monthly volumes were ranked from highest volume (I) to lowest volume (6) (Table V); these rankings changed over each season although position 2 was dominant throughout most of 1986. All of the dramatic changes noted could be associated with distinct changes in the snow-pack, such as addition of a new snow layer, substantial melt, or rainfall. These obvious influences could be assumed to have led to internal changes such as the creation of a new layer interface, creation or abandonment of vertical flow channels, and changes in permeability of ice layers. Three snowstorms which occurred in February and March 1985 provided an opportunity for observing water routing through fresh snow layers . Each storm deposited more than a meter of snow and, within 48 h of the end of each storm, melt water had percolated through the still sub-freezing snow layers and pre-existing snow-pack into the collectors. In each case, the initial melt-water pulse arrived at a different set of snow-melt Iysimeters. The relative volumes of snow melt collected varied between the three storms, but in each case the first collectors to respond also captu red the most water. These observations indicate that the channel development in the fresh snow delivered water to different regions of the channel network that already existed in the pre-storm snow-pack.
SUMMARY AND CONCLUSIONS
Assuming that there were no undetected adverse influences of the collection system, snow-pack outflow data from our study site in the Sierra Nevada indicate that water flow through natural snow-packs varies spatially on a larger scale than has generally been realized . The standard deviation for the monthly volumes of water intercepted by the six 2 m 2 collectors was usually more than 40% of the mean and variability was often much greater on a daily basis. The relative volumes collected by the different snow-melt Iysimeters changed over a period of time, apparently in response to changes in the channel network that existed within the snow-pack.
The outflow volumes which were collected over the four areas of 6 m 2 were somewhat variable from collector to collector. In this case, differences between collectors were more consistent than differences noted for the smaller collectors and, in the most obvious situation, could be related to microtopography. Even on essentially level ground, shading and drifting can produce subtle slopes in snow I  2  3  2  6  2  3  6  2  5  6  2  5  4  6  5   5  I  3  3  2  5  4 3 I layers which redirect water flow and result in non-uniform outflow over areas of several square meters. Spatial variability of water flow through snow-packs should now be investigated in other snow climates. It is recommended that snow-melt Iysimeters should be of greater area than is the current practice, and that they should be replicated in order to assess the validity of results obtained by their use. When additional data about the scale at which water flow through snow can be considered uniform are available from more locations, this information will be useful in modifying both concepts and models of the waterpercolation process.
